Introduction
The early development of the central nervous system has received much attention since the publications of His (1889) and Schaper (1894 Schaper ( , 1897 . Modern techniques, notably electron microscopy and autoradiography, brought about a strong progress in the field of developmental neurobiology. The studies of e.g. Fujita (1962 Fujita ( , 1963 on chick mesencephalon, Lyser (1964 Lyser ( , 1968 on chick spinal cord, Hinds and Ruffett (1971) , Hinds (1972) , Hinds and Hinds (1974) on mouse cerebral vesicle, olfactory bulb and retina, respectively, and Seymour and Berry (1975) on rat cerebral vesicle have provided us with a clear picture of the earliest cell of the central nervous system, i.e. the neuroepithelial or matrix cell, and of its cell cycle and its differentiation into neuroblasts. coworkers (1966, 1967) and Glees and Meller (1968) have described the differentiation of matrix cells into glioblasts. The development of the neural tube cells appears to proceed in a comparable way in all species and in all regions studied.
As regards the cerebellum, the early development of this brain part has received little attention (Schaper, 1894 , Fujita, 1969 . No electron microscopical investigations are known to me. The present study, the second in this series on the development of the cerebellum of the trout, provides both light and electron microscopical findings on the early stages of histogenesis. The morphological differentiaton of matrix cells into neuroblasts and glioblasts -a process taking place during the first phase of histogenesis, as defined in the previous paper -will be described.
Material and Techniques
For light microscopy the same material of Salmo gairdneri RICHARDSON, 1836 was used as has been described in the first paper of this series. The early development of the cerebellum was studied in material stained with haematoxylin-eosin, of fish ranging in length from about 5 to 14 ram.
For electron microscopy routine EM techniques were employed. Fish were fixed by immersion in a 3% glutaraldehyde solution in 0.1 M phosphate buffer (pH 7.2), containing about 2 mM calcium. The cerebellum with surrounding tissue or, in the larger animals, parts of the cerebellum, were dissected out and shortly rinsed in the buffer solution, to which 8% sucrose and 2 mM calcium were added. After postfixation with a 1% solution of OsO 4 in the phosphate buffer, the pieces were dehydrated in ascending grades of ethanol and embedded in Epon 812. At least four specimens of each stage were prepared in this way. Sections of 1-3/am thickness, unstained or lightly stained with a 1% solution of toluidin blue, were examined with the phase microscope. Ultrathin sections were stained with uranyl acetate and lead citrate and viewed in a Philips EM 200 electron microscope. E. Pouwels whole width of the wall. In embryos of 5-6 mm total length the formation of a mantle zone has just started, its thickness increasing from 1 layer of cells in the 5 mm stage to 3-4 layers in the 6 mm embryos. The matrix layer contains 5-6 rows of nuclei. A cell-free marginal zone is not present, in this stage nor in later stages; mantle cells are observed in close proximity of the meningeal surface. The shape of matrix cells and of their nuclei is elongated (Fig. 1) . The nuclei are intensely stained by haematoxylin. Mitotic cells occupy about 50% of the ventricular surface. No exact counts were made. Considering the mitotic activity during development, it appears that 50-60% is about the maximum proliferative rate at the ventricular surface. This percentage decreases gradually. In the 5-6 mm embryos a few mitoses were observed in the outer part of the matrix layer. The plane of division of most of these cells is parallel to the ventricular surface; at the ventricle, on the other hand, the plane of division of mitotic cells is predominantly perpendicular to the surface.
Mantle cells are more loosely arranged than matrix cells (Fig. 1) ; the nuclei of the former are rounder than those of the latter. A few mitoses were observed in the mantle layer. Semithin epon sections yielded the following additional information. The cytoplasm of the soma and of the proximal processes of many mantle cells is darly stained (Fig. 1) . "Dark cells" lie also scattered among the matrix cells; in that case their nuclei may be somewhat rounder than those of the other cells in the matrix layer. Dark cells are found in other parts of the brain, e.g. the brain stem, as well. The dark colour in epon sections is due to the previous fixation with OsO 4. However, which organelles have taken up the dye could not be determined with the light microscope.
In 7 mm embryos the matrix layer is thinner and the mantle layer is thicker than in the preceding stage. Both consist now of 4 to 5 rows of nuclei. A distinct boundary between these two layers cannot be drawn. I estimate that slightly more than 50% of the ventricular surface is occupied by dividing cells. The number of extraventricular mitoses is larger than in 6 mm embryos. These mitoses are found in the matrix layer as well as in the mantle layer and in the latter even close to the meningeal surface.
The first blood vessels have entered the cerebellum in 9.5 mm embryos. The matrix layer is built up by about four rows of nuclei and the mantle layer by about six rows. At the ventricular surface the mitotic activity, though somewhat less than in the preceding stages, is still considerable.
In the 10.5 mm embryos the mantle layer has strongly developed. In the region of the lateral thickenings (both halves of the corpus cerebelli) this layer consists of about 14 rows of nuclei; the thickness of the matrix layer is here only 1 to 2 rows of nuclei. In the vicinity of the persisting matrix zones M, L and P (cf. Pouwels, 1978a) the matrix is thicker whereas the mantle layer is thinner than in the area of the lateral thickenings. Many of the mitoses are situated at the ventricular surface; as in the preceding stages extraventricular mitoses are found, occurring throughout the matrix and sometimes in the mantle layer. The plane of division of mitotic cells is variable. Even at the ventricular surface this plane may be not only perpendicular to the surface, but also parallel to it or somewhat oblique. All these positions of the plane of division are found among the extraventricular mitoses as well. A new feature of the 10.5 mm stage is the presence of so-called cell-free spaces. These spaces occur at those places where the matrix has become very thin. Blood vessels are always present at their borders. Similar spaces are observed in other parts of the brain as well. A close relation seems to exist between the incidence of these spaces on the one hand, and the presence of blood vessels and the absence of a matrix layer of a certain thickness on the other hand. Danner (1973) , Danner and Pfister (1973) and Pfister and Danner (1974) termed these spaces "subependymal cysts" and ascribed a neurosecretory function to them. In my opinion the cell-free spaces rather result from a degeneration or disintegration process. Although the first phase of histogenesis is not yet finished in this stage, the appearance of the first secondary matrix cells indicates the onset of the second phase. In the present study these cells are left out of consideration; they will be described in the subsequent paper (Pouwels, 1978c) .
In the 11.5 mm stage the lateral thickenings are strongly developed. In the region of these thickenings the matrix consists of a single layer of cells. These matrix cells are no longer tightly packed; in certain places they are only connected at the ventricular side by fine processes. Mitoses are still observed in this layer. Only very few mitoses are found in the mantle layer. Semithin epon sections revealed no dark cells in the lateral thickenings. The cell-free spaces have increased in size. Some debris is present in these spaces.
In 13 mm trout (hatchlings) the first phase of histogenesis comes to an end. Except for the persisting matrix zones the ventricular matrix is exhausted. Some mantle cells, particularly those near the matrix zones M, L and P show signs of differentiation. These elements have a slightly larger and lighter staining nucleus than the other cells in the mantle layer (Fig. 2) . Comparison with later stages revealed that these elements represent neuroblasts. The first trace of a molecular layer appears in 13 mm trout. This layer develops between the mantle layer and the secondary matrix.
Electron Microscopy. The ultrastructure of matrix cells in the trout appears to correspond closely to that of matrix cells present in various regions of the brain in other vertebrates, as studied by e.g. Lyser (1964 Lyser ( , 1968 in the chick and Hinds and coworkers (1971 Hinds and coworkers ( , 1972 Hinds and coworkers ( , 1974 in the mouse. The following short description is based on matrix cells in the period of interphase (Figs. 3, 5) . In the elongated nuclei the chromatin is rather evenly distributed; an irregularly shaped nucleolus may be observed. In the cytoplasm the following organelles are found. (1) Many free ribosomes, occurring singly, in rosettes or in small clumps. (2) Mitochondria, often two or three lying close together. Some mitochondria are elongated and have constrictions. The last-mentioned feature may suggest division, which is supposed to be a means of increase in number of mitochondria (see Pannese, 1974 , for the various theories on this subject). (3) One or two prominent Golgi complexes located in the internal process, i.e. the process reaching the ventricutar surface, which is also termed the apical end. (4) Some smooth and some rough endoptasmic reticulum (SER and RER). The cisternae of the endoplasmic reticulum are short and wide. They are found in both the internal and the external processes. Sac-like profiles in the region of the Golgi complex may bear ribosomes as well. (5) Microtubules, with a diameter of about 200 A; these organelles are most conspicuous in the internal process and oriented predominantly parallel to the longitudinal axis of the cell. (6) A cilium extending from the internal process into the ventricle. Apart from this cilium the internal process bears several other protrusions at the ventricular surface. (7) A centriole at the base of the cilium; another centriole may be found perpendicular to the first one. (8) Some small electron-dense vesicular structures, surrounded by a membrane, being scattered throughout the cytoplasm.
In regions where no mantle layer is present, the matrix cells are closely packed together, but in the outer half of the wall rather large extracellular spaces may be found. This is presumably related to the fact that mitotic cells lack external processes (Sauer, 1935; Hinds and Ruffett, 1971; Seymour and Berry, 1975) . In the matrix layer that has started to produce a mantle layer the cells are generally less tightly packed. The nuclei of these ventricular matrix cells have a slightly more irregular outline, sometimes with indentations. Chromatin is less evenly distributed than in the matrix cells described above; conspicuous chromatin clumps may be present (Fig. 4) . After formation of the mantle layer, the single row of matrix cells along the ventricle differentiates into glial (ependymal) elements. A number of cells in the persisting matrix zones develops into ependymal cells as well.
Mantle cells (Fig. 4) differ from ventricular matrix cells in some respects. Their somata and their nuclei are generally more or less rounded, their cytoplasmic organeUes occupying a perikaryal position. The same organeUes are present as in matrix ceils, even a pair of centrioles. However, cilia could not be demonstrated in mantle cells. As soon as the matrix starts to produce mantle cells axonal profiles 316 E. Pouwels are found between the mantle cells and, occasionally, between the matrix cells. These axons contain microtubules, oriented parallel to the longitudinal axis of the axon, some mitochondria and vesicular SER and a few ribosomes. Microfilaments are very scarce. In 7 mm embryos there are a few terminals of processes, participating in the submeningeal layer, which show some differentiation. Compared to the external processes of matrix cells, those terminals have a clear aspect due to a smaller amount of ribosomes. Further, the number of microtubules is decreased, but microfilaments of about 80 A diameter have become conspicuous. Comparison with later stages shows clearly that these features are characteristics of glioblasts. So we may conclude that the first visible glioblasts participate in the formation of the submeningeal layer. Since clear cytological differences between mantle cells nor between matrix cells were observed in young stages, a distinction between neuroblasts and glioblasts can be made only on the basis of the structure of their processes. The presence of dendritic processes could be demonstrated in the 11.5 mm stage, i.e. later than the presence of axonal and glial processes. Dendrites contain the same organelles as axons (microtubules, mitochondria, SER, ribosomes, a few microfilamerits) but can be distinguished from the latter since their SER and ribosomes are more abundant. The three types of processes are shown in Figure 7 . In the 11.5 mm stage all of the submeningeal terminals display the characteristics of glial processes. In this same stage glycogen granules are found for the first time. Large numbers of these granules are present in glial processes. They also occur in small amounts in neuronal and glial perikarya and in dendrites as well. Since glycogen granules appeared to be absent in some other series of comparable developmental stages, the presence of glycogen is at best an auxiliary criterion in the identification of the neuronal and glial structures.
Differentiation of mantle cell somata can be clearly observed in the 13 mm trout (hatchling). Up to that stage the amount of RER has increased slightly in a number of mantle cells, but in hatchlings it appeared to be possible to distinguish some neuroblasts from the other cells of the mantle layer. These neuroblasts are somewhat larger than mantle cells. Their rounded nuclei are less electron dense, the chromatin is evenly distributed and the nucleolus is distinct. In the cytoplasm more RER is present with longer membranes than in mantle cells. The number of free ribosomes has decreased. Glioblast somata resemble mantle cells during a longer period than neuroblasts. In 14 mm trout some glioblasts, identified by their processes, contained slightly more RER with elongated cisternae and fewer free ribosomes than mantle cells. Just as the latter, the glial somata are provided with microtubules, although these structures are almost entirely absent in their processes. However, in this stage, many somata of the mantle layer are not yet interpretable as either neuronal or glial. The findings on the development from matrix cell to recognizable neuroblast and glioblast have been summarized in Figure 8 .
Cell to Cell Junctions. The internal processes of matrix cells are joined together by special junctions at the ventricular surface (Fig. 4) . They are largely of the zonula adhaerens type, although the width of the gap between two adjacent cells may vary in one and the same junctional complex (cf. Sheffield and Fishman, 1970; Hinds and Ruffett, 1971) . Such distinct junctions were not observed between the external processes of matrix cells. In a few cases it was found that the membranes of the external processes of adjacent cells approached each other very closely, but no submembranous specializations were present. In other instances the external processes were joined by small, zonula adhaerens-like junctions, closely resembling (Peters et al., 1976) . There tends to be an increase in number of junctional specializations in the matrix zones with age. Although in young stages the zonula adhaerens-like junctions are only present near the ventricle, later on they occur elsewhere too. The gap between the opposite membranes of these junctions is in some places obliterated. Puncta adhaerentia (Figs. 6, 7) are further found between all other types of structures in the cerebellar anlage. However, in later stages they rarely occur on the surface of neuroblasts and young neurons. Apart from an occasional gap junction, no other types of junctions have been observed in the early cerebellum. (Fig. 4) . Some dark cells have been found, which were in contact with the ventricle; however, judging from the perikaryal position of the organelles including the centrioles, most of them have lost this contact. Two types of osmiophilic organelles appear to be responsible for the dark aspect of the elements under discussion: (1) ribosomes, occurring predominantly singly, (2) a network of extremely fine filamentous material. Both of them are present throughout the cytoplasm.
Growth. Structures which may indicate growth of the somata and processes present in the cerebellar anlage, namely, growth cones and filopodia, are found in all stages studied. They are very numerous in late-embryonic stages. A growth cone (Fig. 6) is a cone-like protrusion of a cellular element and is characterized by a main content of vesicular and tubular structures (SER), some mitochondria and fine filamentous material (cf. del Cerro and Snider, 1968; Tennyson, 1970; Kawana et al., 1971) . In some cases such accumulations of organelles were observed under the smooth surface membrane of a mantle cell. These structures will be designated as growth areas (Fig. 6 ). Filopodia are slender processes, containing extremely fine filaments and generally no other organelles (cf. Kawana et al., 1971 . These processes are observed to extend from growth cones (Fig. 6) . In a number of cases they extend along the meningeal or ventricular surface, probably filling up places where cells have retracted themselves from these surfaces.
Discussion
Differentiation of the Early Cerebellar Anlage. In the preceding section evidence has been presented that the matrix layer produces both neuroblasts and glioblasts in young stages, although the first mantle cells are presumably all neuroblasts. Before the 7 mm stage axonal profiles are found, but no glial differentiation is visible then. The finding that glioblasts are produced in the same period as neuroblasts is at variance with3he thesis of Fujita (1963 Fujita ( , 1965 Fujita ( , 1969 , that the formation of glioblasts follows that of nettroblasts. However, an overlap of the neurogenetic and gliogenetic periods was also observed by Hinds (1968) , Henrikson and Vaughn (1974) and Biesold et al. (1976) . During the differentiation of matrix cells into neuroblasts the axon appears first, followed by the dendrites. The first sign of differentiation of the soma, viz. an increase of RER, is apparent when these two types of processes are already found (Fig. 8) . The ultrastructure of the early cerebellum resembles that of other parts of the immature brain in other species, e.g. chick spinal cord (Lyser, 1964 (Lyser, , 1968 , mouse cerebral vesicle, olfactory bulb and retina (Hinds and Ruffett, 197 l; Hinds, 1972; Hinds and Hinds, 1974) . The authors mentioned investigated the differentiation of matrix cells into neuroblasts. The present study also describes the Fig. 8 . Schematic representation of the development of matrix cells into neuroblasts and glioblasts. Only those structures are depicted, which are of particular importance for the identification of the elements in question. (i) matrix cell of the neuroepithelium, (2) ventricular matrix cell, (3) mantle cell with axon (ax), dendrite (d) and glial process (g p), (4) neuroblast, (5) glioblast. For identification of the somata the following structures serve as criteria: nuclei, RER and free ribosomes, and for identification of the processes: mictotubules, microfilaments, SER, free ribosomes and glycogen (auxiliary criterion). Further explanation in the text differentiation of matrix cells into glioblasts. The same was done by Meller et al. (1966) , Meller and Haupt (1967) and Glees and Meller (1968) for mouse cerebral hemisphere and tissue cultures of chick brain. However, for the trout cerebellum I arrive at other conclusions than those authors. According to Meller and coworkers, the first recognizable glioblasts are found at a time when processes could not yet be identified. These elements would be characterized by a lobulated nucleus, the cytoplasm containing less ribosomes and RER than that of neuroblasts. For the cerebellum of the trout these criteria appear not to be valid, since neuroblasts as well pass through a stage with a more or less lobulated nucleus and little RER (Fig. 8, cell  3) . I emphasize that, contrary to the findings of the above mentioned investigators, in young stages a distinction between neuroblasts and glioblasts can only be made on the basis of the structure of their processes (Fig. 8) . In later stages neuronal nuclei tend to be round, whereas the nuclear shape of glial cells is variable (of. . My findings on the early differentiation of glia agree well with those of Henrikson and Vaughn (1974) . These authors, studying developing mouse spinal cord, observed the first glial differentiation in some submeningeal terminals and radial processes in mice of embryonic day 11, when a mantle zone and a marginal zone peripheral to the matrix is just being formed.
I remained unable to determine whether neuroblasts are present in the matrix layer. The homogeneity of the matrix layer is a matter of discussion in the literature since the times of His (1889) and Schaper (1894 Schaper ( , 1897 . For information on this subject the reader is referred to the papers of Sechrist (1968 Sechrist ( , 1969 Hinds and Hinds (1974) and Pouwels (1976) . According to Sechrist (1968 Sechrist ( , 1969 Sechrist ( , 1974 neuroblasts in the chick retina can be distinguished on the basis of accumulations of neurofilaments. Such accumulations are not present in matrix and mantle cells of the trout cerebellum. Axonal profiles are found in the matrix layer as soon as a mantle layer is formed, but it might be possible that these axons belong to cells, the nucleus of which is already located in the mantle layer (cf. Morest, 1970) . However, the hypothesis of Hinds and Hinds (1974) that the decision for neuron differentiation can be reached at any time throughout the cell cycle of a matrix cell, viz. pre-and postmitoticaUy, would explain the presence of neuroblasts with the characteristics of matrix cells within the matrix layer. The following observations render it probable that glioblasts are present in the matrix layer: (1) Golgi and electron microscopical preparations of young trout showed that the cells lining the ventricle in those regions where the matrix is exhausted, develop into glial (ependymal) elements. (2) In the persisting matrix zones, glial elements are found among the matrix cells in later stages of development. It is concluded that a number of glial cells do not migrate but differentiate in situ. In early embryonic stages glial differentiation manifests itself only in the peripheral processes of the cells. Considering the observations just mentioned, it may well be possible that at least part of the glial somata, belonging to these processes, occupy a position in the matrix layer. Serial sectioning would be required to establish this point. These glioblasts may still participate in the mitotic cycle, just as matrix cells; it is well known that glioblasts and even gliai cells are capable of proliferation (see Jacobson, 1970) . It is noteworthy that Stensaas and Stensaas (1968) and Leonhardt (1972) , studying the matrix zone in the telencephalon of late embryonic and adult rabbits, respectively, were able to distinguish both neuroblasts and glioblasts in that zone.
Mitotic Figures in Matrix and Mantle
Layer. Early histologists (e.g. His, 1889 , Schaper, 1894 , 1897 already noticed that the ventricular surface is the preferential Early Development of Trout Cerebellum 321 site for a matrix cell to divide. These observations have been confirmed by Sauer (1935) , who described the mitotic cycle of matrix cells in detail. The occurrence of mitoses peripheral to the ventricular surface was quantitatively studied in some regions of mouse cerebrum and spinal cord by Smart (1972a Smart ( , b, 1973 . That investigator observed that non-ventricular mitoses occurred in those areas where the ventricular surface was completely occupied by dividing cells and concluded that lack of space at the surface forces the cells to divide peripherally. However, since in the mouse diencephalon and cerebral hemisphere non-surface mitoses were predominantly found at the outer boundary of the matrix layer and had their cleaving plane parallel to the ventricular surface, Smart realized that some controlling mechanism must operate as well. In the cerebellar anlage of the trout non-ventricular mitoses are observed, although the ventricular surface is never completely occupied by dividing cells. Yet, the highest number of peripheral mitoses is found when the proliferative rate at the ventricular surface is maximal. A relation between these two phenomena is probable, although lack of space at the surface does not seem to play a role. As has been found by Smart in the mouse, many peripheral mitoses are situated in the outer zone of the matrix layer and the plane of division of most of these mitoses is parallel to the surface. It seems unlikely that both daughter cells of a cell dividing parallel to the surface return to the mitotic cycle of the matrix layer; one or both of them will probably migrate to the mantle layer. A number of peripheral mitoses is found in the mantle layer, most of them occurring in the period of highest overall mitotic activity. The nature of these dividing cells could not be determined.
Cell to Cell Junctions. In young stages zonulae adhaerentes and puncta adhaerentia are found between matrix cells. Puncta adhaerentia are also present between all other types of structures in the cerebeUar anlage, but they rarely occur on neuroblasts and young neurons. These junctions are considered to be adhesive in function (Peters et al., 1976) , although it might be possible that they somehow play a role in intercellular communication. It has been suggested by a number of authors that both the presence and the absence of junctional communication may be important for the differentiation of cells and for their specific functioning (Loewenstein, 1968a, b; Rubin and Everhart, 1973; Sheridan, 1974; Revel, 1974) . Intercellular contact may further play a role in migration and outgrowth of cells (Sidman, 1974; Meller and Tetzlaff, 1976) . Vaughn et al. (1976) suggested that puncta adhaerentia are precursors of synaptic junctions. However, in the present study I could not find any conclusive evidence in favour of that thesis, nor could McLaughlin (1976) , studying synaptogenesis in the chick retina.
Growth. Cajal (1905) was the first who observed bulbous expansions of developing axons and related these structures to growth. In the last decade the ultrastructure of these so-called growth cones, which appeared to occur on developing dendrites as well, has been investigated by many authors (e.g. del Cerro and Snider, 1968; Tennyson, 1970; Kawana et al., 1971; Yamada et al., 1971; Hinds and Hinds, 1972; Skoff and Hamburger, 1974; Fox et al., 1976 , Povlishock, 1976 . The presence of filopodia, finger-like projections extending from growth cones, is described in most of the papers mentioned above. Their mobile behaviour has been studied in experiments and tissue culture Yamada et al., 1971) . AlbrechtBuehler (1976) suggests that filopodia explore their environment and induce a subsequent reaction of the cell. The observations in the present study indicate that growth cones and filopodia are characteristic of most and probably all types of cells during their growth. In the somata of mantle cells growth-areas were found, i.e. areas under the smooth surface of the cell containing the same organdies as growth cones. Similar structures have been described by Povlishock (1976) in human fetal cerebral cortex. It may well be possible that a growth area is formed in the soma prior to the outgrowth of a process.
Finally it should be mentioned that dark cells are not only found during the early stages of cerebellar development, viz. the first phase of histogenesis, but also during the second and third phase. Therefore, the significance of these elements will be discussed in the following paper of this series (Pouwels, 1978c) .
